The purpose of this paper is twofold: (i) to propose a methodology to accurately evaluate power quality indices, and (ii) to highlight the importance of power quality monitoring services at different voltage levels of three-phase power systems. The proposed methodology is based on wavelet packet transform (WPT) and is able to perform power quality analysis in threephase power systems operating under stationary and non-stationary conditions, in the presence of both harmonics and unbalance. Several test cases are examined: synthetic voltage and current waveforms including noise, simulated test systems, a modified IEEE 13-bus test feeder, as well as experimental tests. The obtained results in all cases demonstrate the accuracy and the effectiveness of the proposed WPT method and its superiority over fast Fourier transform to accurately evaluate power quality indices in case of non-stationary disturbances.
Introduction
Today, thanks to the advancement of technology (monitoring equipment, communication technology, data storage and data processing), power quality (PQ) has become an important issue for network operators, power utilities and customers. The term PQ indicates the deviation of both voltage and current from their ideal waveforms. An ideal waveform is considered sinusoidal, with fixed frequency and amplitude, any deviation from which is considered a disturbance [1] . However, nowadays, the ratio of non-linear and time-varying single-phase and three-phase loads is gradually increasing, placing additional pressure on network operators to monitor and report PQ performance of power systems. The quantification of these voltage and current deformations is implemented by evaluating appropriate PQ indices (PQIs), offering efficient PQ monitoring (PQM) of the networks. To describe the importance of PQ issues, it could be said that poor PQ leads to unnecessary wastage of power and economy, creating financial burden on both suppliers and customers of the network. PQ deterioration is due to transient disturbances (voltage sags, voltage swells) and steady-state disturbances (harmonics, unbalance) [2, 3] . This paper is mainly focused on harmonic distortion and unbalance.
PQM is a very complex task based on gathering voltage and current data, transporting them to remote centres, and converting them into decision-making information [4] . PQM systems are composed of various parts, including metering devices, communication links, electronic computers, software tools and monitoring devices, which work together as one coherent system. This paper is dealing with PQM from the viewpoint of signal analysis. It proposes an analysis technique, which converts voltage and current data (in time series format) to a set of PQIs, able to offer efficient information about the PQ level of the power system. The installation of PQM devices should be done at the key nodes of a distribution network, such as the nodes of connection to the transmission network as well as the nodes of connection of the most important customers and distributed generators. Most of these connection nodes are at the medium-voltage (MV) and highvoltage (HV) level. Moreover, many PQ phenomena appearing in low-voltage (LV) level are the result of malfunctions occurring in the MV or HV [5] . Therefore, PQM is a procedure that has to take place at all different voltage levels of power systems [6, 7] . Monitoring in HV networks should be continuous and performed by permanent PQ devices. In MV networks, PQ should be permanently monitored on the MV side of the transformer in all HV/MV substations. For MV customers, the measurement location should be at the connection point or close to it. In networks with MV/LV substations, the measurement location should be on LV side of the transformer in order to obtain the best estimation of the PQ as experienced by the LV customers. In LV networks, PQ monitoring should be performed close to the most important customers.
The efficient PQM of power systems is the fundamental infrastructure for their modernisation. Developments in enabling technology have made it possible to monitor at a large scale and to record virtually any PQ parameter of interest. Current utility practice for PQM focuses on PQ prevention and mitigation, benchmarking grid performance internally, defining appropriate PQ performance levels and meeting the needs of the increasing number of sensitive to variations customers. Some of these PQ monitoring objectives can be met with simple rms voltage measurements, while other may require waveform captures with high resolution, demanding a more intelligent analysis technique. Monitoring of voltages and currents at system buses provides the power utility and the network operators with information about the performance of the network, both for the system as a whole and for individual locations and customers. Regulating authorities also need information about the PQ that is being delivered to the end users. Moreover, there is an increasing demand from the customers for information on the actual PQ level provided, since they have realised that the financial consequences produced by low levels of PQ can be critical [8] . Furthermore, in the international standards, the requirements of grid connection and operation of microgrid are also demanding the presence of highly efficient PQM system [9] . Deregulation introduced new players and intermediaries in the electricity market and contracts between those parties may include levels of PQ to be met. Thus, regulators may also impose penalties in case of non-observance of the basic quality objectives set for the clients in general [10] .
Power utilities need to adapt intelligent PQM services for the sake of safe operation and service quality. A utility with efficient PQM is able to show customers the effective quality of the power produced, proving that the utility is not responsible for any damages that may have occurred on customer's equipment. Moreover, the utility can rapidly detect a problem and recognise its causes. The utility can also reduce capital investment, since a continuous monitoring allows expensive power system improvements to be limited where strictly necessary. As far as the end customers are concerned, PQM is a topic of high value, since poor PQ can produce irregular or wrong operation of protection systems, excessive neutral currents in three-phase four-wire systems, overheating of motors, transformers, capacitor banks and wiring in general [11] . A PQM system can detect disturbances that may cause damages to customer's equipment. PQM eliminates waste of time due to analysing large signal records and preparing reports. In addition, PQM offers information to identify the most sensitive equipment, which facilitates the allocation of power conditioning systems only where needed.
The assessment of the PQ is implemented through a set of PQIs, which are the basis of PQ standards (such as the IEEE-1459 and EN-50160), for illustrating the negative effect of electrical disturbances. Harmonic distortion and unbalance are two of the most significant and widely concerned PQ problems [12, 13] . Harmonic distortion is referring to the existence of sinusoidal voltages with frequency equal to an integer multiple of the fundamental frequency of the supply voltage. Harmonic distortion is caused primarily by three basic types of non-linear loads: power electronics, arcing devices such as arc furnaces, and equipment with saturable ferromagnetic cores, such as transformers. Harmonics in power systems can degrade protective relay performance, generate errors in monitoring and metering instrumentation and cause equipment damage, degradation or misoperation due to overheating. Ideally, the three-phase voltage and current signals are equal in magnitude and phase shifted from each other by 120°. In case of unbalance, either they differ in amplitude or are displaced from their normal 120° phase relationship, or both. With large industrial loads that utilise threephase and single-phase loads, unbalance cannot be avoided. Voltage unbalance can be produced by asymmetrical impedances of transmission and distribution lines, unbalanced three-phase loads and asymmetrical transformer winding impedances. Three-phase induction machines, power electronic converters and drives are the most sensitive equipment to voltage unbalance.
Most PQIs currently used are based on the analysis of voltage and current waveforms in their individual harmonic components. In order to analyse these disturbances and extract their spectrum, fast Fourier transform (FFT) approach has been proposed [14] . However, to monitor non-stationary disturbances containing timevarying frequency spectrum, the time information is also essential to be preserved. Thus, FFT is no longer considered as the most suitable method for analysing non-stationary disturbances, due to its inability to provide information about the time tracing of different frequencies within the signal. Another limitation is that the FFT spectrum will result in spectral leakage for non-stationary signals, presenting several insignificant frequency components. To address these problems, as well as to improve the accuracy of the existing PQIs and monitoring services, the wavelet transform (WT) is investigated [15] . WT provides simultaneous time-frequency information of a signal, and as a result is more accurate in evaluating PQIs in power systems operating under non-stationary conditions.
In [16] , an FFT-based method is examined for the identification of balance, unbalance and distortion components in unbalanced three-phase systems with distorted waveforms containing harmonics and interharmonics. In [17] , FFT is used to assess the PQ improvement of power systems obtained by using compensation equipment, considering both harmonics and unbalance. In [18] , an empirical WT (EWT) based technique is proposed for the estimation of harmonics and unbalance under nonstationary conditions. The results obtained are compared with those of IEEE Standard 1459-2000, and the percentage difference proved small. The authors also compared EWT with discrete WT (DWT) and wavelet packet transform (WPT), but considered only the PQIs dealing with harmonic distortion, and not those of unbalance. In [19] , DWT is used to estimate harmonics and unbalance under nonstationary conditions, according to IEEE Standard 1459-2000. In [20] , WPT is used for PQ evaluation, under both balanced and unbalanced conditions, but only PQIs concerning harmonic distortion are computed and presented. A real-time estimation of basic PQ components (excluding unbalance), using WPT, is presented in [21] . In [22] , WPT is used to evaluate active and apparent power, power factor and total harmonic distortion, but not unbalance. In [23] , a WPT-based algorithm for the analysis only of harmonics in power systems is proposed, as well as the selection of the mother wavelet, the sampling frequency and the frequency characteristics of two wavelet functions is examined. In [24] , WPT is used in order to evaluate the PQIs of total harmonic distortion, power factor, communication interference factors, transformer Kfactor and crest factors, only for balanced conditions. In [25] , WPT is used to evaluate appropriate PQIs for harmonic distortion assessment under stationary and non-stationary balanced conditions. In [26] , WPT is proposed to compute and analyse PQ disturbances, without considering unbalance.
In this paper, a WPT-based methodology is proposed to evaluate PQIs for both harmonics and unbalance of three-phase power systems operating under unbalanced and non-stationary conditions. The necessary PQ components as well as power factor, harmonic distortion, harmonic pollution (HP) and load unbalance (LU) are evaluated using WPT. Their values are presented and compared with their true values and those calculated by FFT, according to IEEE Standard 1459-2010. The contributions and attributes of the reviewed papers on the evaluation of PQIs are presented in Table 1 . It is concluded from Table 1 that the core contribution of this paper is that it is the only paper in the bibliography that it introduces WPT for the evaluation of PQ unbalance indices.
This paper aims to: (i) propose a WPT-based methodology to provide accurate results for both harmonic distortion and unbalance indices for power systems operating under non-stationary conditions, (ii) validate the proposed methodology and perform PQ analysis in representative and significant case studies (including IEEE 13-bus test feeder and experimental tests), (iii) demonstrate the superiority of WPT over FFT to assess PQ performance in Table 1 Contributions and attributes of the reviewed papers Ref.
Method Harmonic Indices Unbalance Indices FFT EWT DWT WPT power systems operating under non-stationary conditions and (iv) highlight the necessity of PQM at all different voltage levels. This paper is organised as follows. Section 2 presents the IEEE Standard 1459-2010 based PQ components and indices examined in this paper. Section 3 describes WPT and proposes a WPT-based methodology to calculate PQIs. Section 4 presents the case studies and discusses the obtained results. Section 5 concludes the paper.
PQ components and indices
In this section, the IEEE Standard 1459-2010 based PQ quantities are presented. First, voltage, current and power components necessary for PQ analysis are described. After, using these quantities, an appropriate set of PQIs for the estimation of the harmonic distortion and unbalance in three-phase power systems is presented.
PQ components
According to IEEE Standard 1459-2010, the effective rms value of voltage V e and current I e in three-phase power systems are defined as
V e1 and V eH are the fundamental and harmonic voltage components, respectively, and are given by
(2) I e1 and I eH are the fundamental and harmonic current components, respectively, and are given by
The effective apparent power S e is defined as
where S e1 and S eN are referred to the fundamental and nonfundamental effective apparent power, and are given by
D eI and D eV are referred to the current and voltage distortion power, respectively, while S eH to the harmonic apparent power, and are given by
The fundamental positive sequence active and apparent power, P 1 + and S 1 + , respectively, are given by
where V 1 + , I 1 + and θ 1 + are given by the concept of symmetrical components. The fundamental unbalanced power S U1 is given by
PQ indices
Using the PQ components presented in Section 2.1, an appropriate set of PQIs for the evaluation of harmonics and unbalance in threephase power systems is proposed. The fundamental positive sequence power factor (PF 1 + ) and the total power factor (PF) are calculated by
The equivalent total harmonic distortion of voltage and current, THD eV and THD eI , respectively, are given by
HP and LU are given by
Proposed WPT-based methodology
In this section, WPT is described and its advantages over other signal analysis techniques are discussed. Moreover, the IEEE Standard 1459-2010 definitions for PQ components and indices for assessing both harmonics and unbalance are reformulated using WPT. The concept of symmetrical components in wavelet domain is also presented.
Introduction
In power systems operating under non-stationary conditions, FFT is no longer considered suitable for PQ analysis, due to its inability to provide any time-related required information. Moreover, in case of non-stationary waveforms, even if they are sinusoidal, spectral leakage occurs and fake harmonic components are present in the spectrum while they actually do not exist in the original waveform. Fig. 1a shows a stationary current waveform of frequency 150 Hz with amplitude 30 A. The FFT spectrum in Fig. 1b shows exactly the third harmonic at 150 Hz and amplitude 30 A with no spectral leakage. Fig. 2a shows an example of a non-stationary current waveform at 150 Hz. The current amplitude changes with time; it starts from an initial value of 30 A for 0.5 s and then the amplitude drops to 10 A until 1 s. The FFT spectrum in Fig. 2b shows a 20 A component at 150 Hz (which does not exist in the original waveform of Fig. 2a ) plus other components that are spread along the frequency axis. Spectral leakage is very clear here, which leads to inaccurate results. Moreover, the time at which the waveform drops from 30 to 10 A is not accessible through FFT because FFT provides amplitude-frequency spectrum, therefore time information is lost. In order to overcome these limitations, short-term Fourier transform was developed. However, the fixed window width considered, leads to the disadvantage of the trade-off that has to be made between the length of the window that determines the resolution in time and the frequency resolution in the spectrum. For this reason, WT investigation is rapidly increased during the last few years. Compared with FFT, WT can obtain both time and frequency information of signal. WT is a time-scale representation of any stationary or non-stationary waveform using basis functions, called mother wavelets. A basis function must be oscillatory, decay quickly to zero and integrate to zero. With the multi-resolution characteristics, the WT is considered highly attractive for the analysis of the power system transients due to various disturbances. By observing the time-evolving coefficients of the higher frequency scale of the signal after WT, the time points where the transient event takes place in the signal can be easily detected. However, in DWT, uniform frequency sub-bands cannot be obtained because of the dyadic scale, therefore this limits the applications of the DWT to those where high resolution is required at specific bands only. On the other hand, in WPT the suitable selection of sampling frequency and adequate choice of the mother wavelet can minimise the leakage errors between wavelet levels. In this paper, the proposed methodology to evaluate PQIs for both harmonics and unbalance is based on WPT.
Signal decomposition according to WPT
In WPT, the decomposition of the signal into different frequency bands is simply obtained by successive high-pass and low-pass filtering of the time-domain signal. The low-pass filter is named scaling filter l m and the high-pass filter is named wavelet filter h m and the output coefficients are named approximation and detail coefficients, respectively. The scaling and wavelet filters present the following properties [21] :
The initial signal, given by the matrix d 0 0 k and containing frequency information up to f max , is first passed through the halfband high-pass filter h m and the half-band low-pass filter l m . The half-band low-pass filter removes all frequencies that are above half of the highest frequency, while the half-band high-pass filter removes all frequencies that are below that frequency. At each level, the frequency band is halved and the number of samples are reduced by downsampling by a factor of two. Thus, the initial waveform is analysed into j decomposition levels. For example, in the second decomposition level (j = 2), d 2 0 k contains the signal having frequency in the range 0, f max /4 and so on, as shown in Fig. 3 . The initial matrix d 0 0 k contains 2 N samples and at each level j and node i, the WPT coefficients are derived from those of the previous level, by the convolution of the coefficients of the previous level with the low-pass and the high-pass filter, by the following equations, respectively:
More specifically, two basic equations can lead to the multiresolution analysis. These two equations are called the two-scale equations where φ is the scaling function and ψ is the wavelet function. Therefore, the voltage or current values x in the WPT domain can be defined as
More detailed explanations concerning WPT theory can be found in [27] .
Voltage, current and power components reformulation using WPT
The initial voltage and current disturbance is decomposed up to level j, in the way that each node includes exactly an odd harmonic order. Assuming that the WPT coefficients of each node i at the decomposition level j are d j i k and c j i k for voltage and current, respectively, the RMS values V j i and I j i at each node i are computed by
Using the RMS values of each node i, the total RMS values of voltage and current V rms and I rms are calculated by
Active power P j i at each node i is given by
while the total active power P and the total apparent power S are computed by
Symmetrical components in wavelet domain
In the phasor domain, the concept of symmetrical components is used for transforming three-phase voltages or currents into three single-phase systems, as defined by 
where V a , V b , V c , I a , I b , I c are the phase voltages and currents, while V 0 , V + , V − , I 0 , I + , I − are the zero, positive and negative sequence voltages and currents, respectively. The operator a is a phase shift operator such that a = 1∠120° and a 2 = 1∠ − 120°.
In the time-frequency domain, the main idea is to use a time advance or a time delay at each frequency sub-band instead of using the phase angle advance or delay, therefore transforming the 120° into its equivalent number of samples in the time at each frequency band of the decomposition levels. In other words, the concept of symmetrical components can be defined by applying time shift instead of phase shift for the voltage and current of every phase. Thus, the operator a represents a time advance, while the a 2 represents a time delay. More specifically, the time shift is applied to the voltages and currents of phases b and c. First, applying time advance p = n + r to the coefficients, where r represents the time corresponding to the angle 120°, the advanced versions of voltage v b ′, v c ′ and current i b ′, i c ′ of phases b and c, respectively, can be obtained. Second, applying time delay q = n − r to the coefficients, the delayed versions of voltage v b ′′, v c ′′ and current i b ′′, i c ′′ of phases b and c, respectively, can also be obtained. Using the unshifted phase a and the shifted phases b and c, the positive sequence of voltage and current in the wavelet domain for the fundamental component are given by
More specifically, the implementation of the concept of symmetrical components in wavelet domain (according to the concept of time-frequency domain) is conducted as follows. According to (19) , the voltages and currents for any three-phase system can be expressed in terms of the WPT, as follows:
x a n = x j, a 
The time advanced and the time delayed versions of the phases b and c are
The node zero always contains the fundamental frequency and therefore the node zero sequence components for voltage and current are those needed and given by
Results and discussion
For the analysis of power systems, usually balanced simulations of networks operating under stationary conditions are implemented in order to speed up and simplify the calculations. However, LV and MV networks are often composed of residential and commercial customers that use electronic appliances and single-phase equipment (connected randomly to the three phases), which result in harmonic distortion and unbalance, respectively. Moreover, most PQ disturbances in nature are time varying and not stationary. For these reasons, in all case studies considered in this paper, the threephase system is operating in the presence of harmonics and unbalance, under both stationary and non-stationary conditions.
Case 1 (C1): synthetic voltage and current waveforms
From voltage and current signals, it is possible to obtain relevant information for the implementation of PQ analysis, in order to achieve an efficient PQM procedure. Synthetics signals are used here in order to have a priori knowledge of the true values of PQ components and indices, so the absolute difference can then be calculated for each case by considering the true values as reference.
In the first case study (C1), four scenarios (S1, S2, S3 and S4) have been considered, in which the time-domain equations of voltage and current waveforms are known. In S1, voltage and current waveforms of the three-phase system are stationary, while in S2, they are non-stationary. In the synthetic voltage and current waveforms of S1 and S2, a white Gaussian noise of 25 dB signalto-noise ratio (SNR) is added, and the S3 and S4 are developed, respectively, in order to validate the effectiveness of the proposed method in case of unstable (noisy) waveforms. In all scenarios, the fundamental frequency of the waveforms is 50 Hz and the simulation period is 1 s. In S1, stationary voltage and current waveforms are simulated, containing first, third and fifth harmonic component, as follows:
(see equation below) (see equation below) In S2, voltage and current waveforms are same with those of S1 until the middle of the simulation (0. In S1 and S2, the proposed methodology has been tested under different conditions but using voltage and current waveforms free of noise. In S3 and S4, the objective is to investigate the effect of noise on the performance of the proposed WPT-based methodology and to compare the results with the FFT approach. S3 and S4 voltage and current waveforms are produced from S1 and S2 voltage and current waveforms, respectively, by adding a white Gaussian noise of 25 dB SNR. Fig. 4 shows the phase voltage v a of S1-S4.
In Table 2 , the true values of PQ components and indices, the values calculated by WPT, and their percentage difference for S1 are presented. In Table 3 , the true values of PQ components and indices as well as the values calculated by WPT and FFT for S2 are presented. The absolute values of percentage difference between WPT and true values as well as FFT and true values of PQ components and indices for S2 are presented in Fig. 5 . Table 4 presents the percentage difference between WPT and true values as well as the percentage difference between FFT and true values of PQ components and indices for S3 and S4. It should be noted that for S3 and S4, the true values of S1 and S2, respectively, have been considered as reference. Table 2 indicates that the proposed WPT-based methodology provides accurate results under stationary conditions, since the percentage difference between WPT and true values is almost zero. In Table 3 , the values calculated by WPT are very close to the true ones, demonstrating the effectiveness of the proposed method also in case of non-stationary disturbances. As far as the values calculated by FFT, there is a significant gap between them and the true ones in S2, due to the inability of FFT to deal with timevarying loads. The superiority of WPT over FFT to assess PQ under non-stationary conditions is indicated in Fig. 5 . The results of Table 4 indicate that the proposed WPT-based methodology is able to accurately evaluate PQ quantities even in the presence of noise, under both stationary (S3) and non-stationary (S4) conditions. In both S3 and S4, the percentage difference between WPT and true values is quite small. As far as FFT approach is concerned, in S4, where the waveforms were non-stationary, the percentage difference between FFT values and the true ones is rather high.
The case study C1 is critical, since the synthetic voltage and current waveforms allow the calculation of the true values of all PQ components and indices. Therefore, the obtained results indicating the small differences between the WPT-based method and the true values validate the effectiveness and the accuracy of the proposed method.
Case 2 (C2): three-phase simulated system
In the second case study (C2), a three-phase system simulated by Matlab/Simulink is considered. The system includes an asymmetrical and harmonic three-phase voltage source, a threephase symmetrical load (L1) of 7 kW and 1.5 kVar, a single-phase load of 2.5 kW (L2) in phase a, a single-phase load (L3) of 3 kW and 0.5 kVar in phase b, a single-phase DC load of 2.25 kW (L4) in phase c and a single-phase load of 2 kW (L5) in phase c. Two scenarios, S1 and S2, are considered. In S1, all loads are connected to the circuit throughout the whole simulation period (1 s). In S2, L1 and L2 are connected for the whole simulation period, L3 is connected only during t ∈ 0, 0.75 s, while L4 and L5 are connected only during t ∈ 0, 0.5 s. For both S1 and S2, the fundamental frequency is 50 Hz and the power systems operate in the presence of harmonics and unbalance. Fig. 6 presents the current waveforms of each phase for S2. The values of PQ components and indices calculated by WPT and FFT as well as their percentage difference, for both S1 and S2, are presented in Table 5 . In both S1 and S2, the WPT values have been considered as reference.
It is observed that in S1, where the loads were connected to the system during the whole simulation period, and consequently the power system operated under stationary conditions, WPT and FFT provide quite similar results, and thus the percentage difference between them is almost zero for all PQ quantities. However, in S2, where the conditions were non-stationary, the percentage difference between WPT and FFT is rather significant.
Case 3 (C3): modified IEEE 13-bus test feeder
In the third case study (C3), a modified IEEE 13-bus test feeder, as shown in Fig. 7 , is simulated by Matlab/Simulink. The system is operating at 4.16 kV and 50 Hz fundamental frequency is considered. It is relatively highly loaded, and it includes overhead and underground lines, shunt capacitors and unbalanced laterals. It also includes two transformers, one 115 kV/4.16 kV in the substation, and one 4.16 kV/480 V, between the buses 633 and 634. A three-phase breaker disconnects the buses 692 and 675 from 0.4 to 0.8 s, therefore the power system operates under non-stationary conditions. A PQM device in the substation bus 650 has been considered and the observation period is 1 s. The current waveforms for each phase are presented in Fig. 8 . In C1 and C2, the proposed WPT-based methodology was undisputedly validated. The values calculated by WPT were compared with the true ones and those by FFT, and the results obtained demonstrated the accuracy of the proposed method. Therefore, in C3 the values of 
Fig. 5 Difference (%) of PQ components and indices between WPT and FFT and the true values for S2 of C1
PQ components and indices are calculated only by WPT and the results are presented in Table 6 .
The results of Table 6 indicate that, although THD ev is low, THD eI and HP are quite high and almost reaching 15%. The LU is about 56%, which is expected, since the network includes unbalanced laterals, and for the 40% of the simulation period, a significant part of the main three phase balanced network was disconnected.
Case 4 (C4): experimental tests
To verify the validity of the proposed WPT-based method, experimental tests are also conducted. The experimental setup involved two different single-phase solar inverters, a three-phase symmetrical load and a single-phase load (electronic computer). The first solar inverter, as shown in Fig. 9a , was connected to phase a and was set to produce 1100 W out of the 2000 W rated power output. The second solar inverter, as shown in Fig. 9b , was connected to phase c and was set to produce 1500 W out of the 3000 W rated power output. The electronic computer was connected to phase b. A digital oscilloscope was used for the acquisition of the three-phase voltage and current time series. The whole experimental setup is presented in Fig. 9c .
Two scenarios (S1 and S2) of different operating conditions were examined. In S1, the solar cells, as well as the three-phase and single-phase loads were connected for the whole examination period (1 s), so the power system was operating under stationary conditions. In S2, the electronic computer in phase b was disconnected about in the middle of the examination period, in order to investigate the accuracy of the proposed WPT-based method under non-stationary conditions. In both scenarios, the power system was operating under unbalanced conditions and in the presence of harmonics. The fundamental frequency was 50 Hz for both S1 and S2. Figs. 10a and b present the current waveform of phase b for S1 and S2, respectively. Table 7 shows the values of PQ components and indices calculated by WPT and FFT as well as their percentage difference, for both S1 and S2.
It is observed that in S1, where the operating conditions were stationary, the proposed WPT-based method and the FFT approach provide quite similar results. However, in S2, where the electronic computer was disconnected from the power system after the first half of the examination period, therefore the conditions were nonstationary, the percentage difference between the WPT and FFT values is rather high. This is expected, since as it was concluded from C1 (Section 4.1), FFT does not provide accurate results in case of non-stationary disturbances. The electronic computer is affecting both the level of harmonics and the symmetry of the power system, and thus the PQIs concerning both harmonic distortion and unbalance present high variations. These experimental results validate the superiority of WPT over FFT to assess PQ under non-stationary conditions in actual power systems, due to the inability of FFT to deal with time-varying loads. 
Conclusion
Efficient and accurate PQM in power systems is a challenge for both transmission and distribution operators. PQM is a critical and necessary procedure for LV, MV and HV networks. On one hand, PQM gives network operators information about the performance of their network. On the other hand, customers and regulatory agencies request more and more detailed information about the actual PQ level in the grids. Therefore, operators have to both obtain and provide information about the PQ level of their network, by precisely evaluating appropriate PQIs. This paper discusses the necessity of PQM at all different voltage levels in power systems and proposes a WPT-based methodology for estimating harmonic distortion and unbalance, through the evaluation of a proper set of PQIs. The proposed methodology was tested on synthetic voltage and current waveforms added with noise as well as simulated power systems, including IEEE 13-bus test feeder, in the presence of stationary and non-stationary conditions. Experimental results for actual power systems operating under both stationary and non-stationary conditions were also obtained. The WPT values were compared with their true values and those by FFT. The results validate that WPT is more suitable method than FFT in evaluating PQIs in power systems operating under non-stationary conditions, since FFT fails to deal with time-varying signals. The experimental results obtained demonstrate the applicability of the proposed method and its usefulness.
The proposed methodology can be useful for the operation of sensitive power system loads as well as for PQ studies, such as design and implementation of load balancing schemes. Moreover, it can be emerged as a powerful tool for diagnosis purposes and harmonic mitigation procedures in distorted and unbalanced power systems. PQ monitoring systems equipped with software tools in accordance with the proposed methodology can be vital in modern smart grids, where the non-stationarity of the waveforms is rapidly increasing due to the growth of renewable energy sources and plugin hybrid electric vehicles. 
